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Thick-walled  cylinders  are  often  autof rettaged  to  enhance  their  fatigue 
lives  (ref  1).  The  greater  fatigue  life  results  because  of  the  compressive 
residual  stresses  at  the  inner  diameter  (ID).  If  the  cylinder  also  contains  a 
discontinuity  at  the  outside  diameter  (OD)  where  the  residual  stresses  are 
tensile,  the  combination  of  stress  concentration  and  tensile  operating  and 
residual  stresses  often  results  in  shortened  fatigue  life  due  to  crack 
initiation  at  the  OD. 

Several  attempts  have  been  made  to  model  this  behavior  experimentally 
(refs  2-4)  and  analytically  (ref  5).  This  report  presents  a  two-step 
prediction  method  which  results  in  very  accurate  estimates  of  total  fatigue 
life.  The  first  step  is  to  determine  the  crack  initiation  life  through  the 
use  of  low  cycle  fatigue  data.  A  small  semi-circular  crack  is  then  assumed  to 
exist.  Using  known  stress  intensity  factor  solutions  corrected  for  curvature, 
crack  propagation  life  i.«  predicted  by  integrating  a  power  law  relationship 
that  accounts  for  mean  stress  effects  (ref  6).  The  total  fatigue  life  is  then 
the  sum  of  the  initiation  life  and  the  propagation  life.  Fatigue  lives 
predicted  by  this  method  agree  very  well  with  the  measured  lives  of  several 
thick-walled  cylinders  that  fail  from  the  OD. 

PROCEDURE 

Two  different  OD  notch  configurations  shown  in  Figure  1  were  studied,  a 
single  notch,  Type  A,  and  four  notches,  Type  B.  We  assume  that  the  material 
at  the  roots  of  these  notches  responds  to  service  loading  in  the  same  manner 

References  are  listed  at  the  end  of  this  report. 
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as  a  smooch  cylindrical  low  cycle  fatigue  sample.  By  estimating  the  strain 
range  that  the  material  at  the  notch  tip  is  subjected  to,  we  should  be  able  to 
determine  the  number  of  cycles  to  initiate  a  crack.  This  is  accomplished  with 
the  assistance  of  the  strain  range  versus  cycles-to-failure  plot  shown  in 
Figure  2.  The  plot  was  developed  using  smooth  cylindrical  specimens  of  the 
same  steel  used  to  manufacture  the  pressure  vessels  studied. 

The  three  curves  in  Figure  2  are  for  three  different  strain  ratios  (R  =* 
emin/£max) •  This  was  included  because  the  presence  of  autofrettage  residual 
stresses  will  change  R  for  the  same  internal  pressure  cycle.  The  three 
conditions  tested  were  R  -  0,  no  autofrettage;  R  »  0.5,  high  tensile  residual 
stress;  and  R  *  0.25,  in  between.  The  results  show  that  the  longest  life  was 
obtained  with  R  *  0,  the  shortest  with  R  -  0.25,  and  for  R  ■  0.5,  cycles-to- 
failure  fell  between  these  two  maxiraina,  although  at  large  values  of  strain 
range  there  was  no  difference  in  the  cycles-to-failure.  The  reason  for 
these  differences  is  explained  by  the  stabilized  cyclic  strain  curves  that 
developed.  When  Ae  was  large  there  was  essentially  no  difference  in  the 
hysteresis  loops  developed,  thus  no  measurable  difference  in  life,  whereas  the 
cyclic  stress-strain  behavior  developed  at  smaller  strain  ranges  was 
different.  Often  under  these  conditions,  the  cyclic  stress-strain  curves  were 
simply  elastic  loadings  and  unloadings. 

Figure  3  shows  the  actual  results  for  Ae  *  0.5  percent.  The  cumulative 
damage  that  results  in  failure  of  the  specimen  is  a  combination  of  two 
factors,  the  initial  damage  from  the  first  loading  to  maximum  strain  and  the 
cyclic  loading.  We  would  expect  that  the  larger  the  initial  strain  the 
shorter  the  life,  and  the  greate**  the  amount  of  compression  during  cyclic 


loading  the  shorter  the  life.  Because  of  the  strain  hardening  of  the  steel, 

the  R  *■  0  sample  saw  the  most  compression  and  the  least  initial  strain, 

conversely,  R  *  0.5  had  the  least  compression  and  the  most  initial  strain, 

while  the  R  -  0.25  saw  intermediate  values  of  each.  The  results  of  these 

tests  suggest  that  the  combination  of  two  factors  contributing  to  life  is 

synergistic  with  the  R  ■  0.25,  the  in  between  case  being  the  worst. 

Relating  these  low  cycle  fatigue  results  to  0D  failure  was  accomplished 

in  the  following  manner.  Two  parameters  had  to  be  determined:  strain  range 

Ae  and  R.  By  using  an  elastic  analysis  these  two  values  can  be  estimated. 

The  minimum  stress  in  an  autof rettaged  cylinder  is  htaA*  where  kt  is  the 

stress  concentration  factor  and  a ^  is  the  elastic  residual  stress.  Similarly, 

the  maximum  stress  would  be  the  minimum  stress  plus  ktop,  where  crp  is  the 

« 

stress  due  to  pressure.  The  strain  applied  to  the  material  at  the  notch  tip 
then  are  estimated  as 

amin  kt°A 

emin  *  - - —  (1) 

E  E 

ktap 

Emax  “  ^in  +  ”  (2) 

where  E  is  Young's  modulus  for  the  material. 

Using  Eqs.  (1)  and  (2)  both  the  Ae  and  R  parameters  are  easily 
calculated;  Ae  =*  e^narx  "^min*  ant*  R  m  ^in/ ^ax*  For  *-he  cylinders  considered 
below,  this  technique  was  used  and  kt  was  either  determined  by  finite  element 
results  available  in  the  literature  or  by  a  Neubers  Diagram  (ref  7),  and  E  was 
207  GPa.  Once  Ae  and  R  were  calculated,  the  number  of  cycles  to  crack 
initiation  was  determined  by  interpolation  of  three  curves  in  Figure  2. 


3 


Although  crack  initiation  may  consume  a  significant  portion  of  the  useful 
fatigue  life  of  an  OD  notched  thick-walled  cylinder,  the  contribution  of  crack 
propagation  must  also  be  considered.  To  model  crack  growth,  the  following 
assumptions  were  made.  At  crack  initiation  a  small  semi-circular  crack  was 
produced.  This  crack  was  assumed  to  act  as  a  crack  with  a  depth  equal  to  the 
notch  depth  and  was  semi-circular.  The  stress  intensity  factor  for  the  crack 
was  assumed  to  be  the  stress  intensity  factor  for  a  straight-fronted  crack  of 
the  same  depth  divided  by  the  complete  elliptical  integral  of  the  second  kind 
to  account  for  the  curvature. 

K( straight  crack) 

curved  crack)  ”  7  ,  (3) 

The  K  solution  for  an  OD  cracked  pressurized  cylinder  and  for  an  OD 
cracked  cylinder  with  autofrettage  residual  stress  have  been  developed 
elsewhere  (ref  5).  The  value  of  #  used  was  that  for  a  semi-circular  crack 
which  is  1.5708.  Propagation  of  such  a  crack  was  assumed  to  follow  a 
constitutive  law  given  as  (ref  6): 

dc  n 

dN  "  A  *“*  (4> 

where  dc/dN  is  the  crack  growth  rate,  is  the  maximum  occurring  stress 

intensity  facto-  during  a  fatigue  cycle,  and  A  and  n  are  material  properties. 
Using  Eq.  (4)  accounts  for  tne  mean  K  effect  on  crack  propagation  and  has  been 
shown  to  be  the  most  conservative  growth  law  for  crack  growth  In  OD  cracked 
autofrettaged  cylinders  (ref  5).  The  crack  growth  life  was  determined  by 
integration  of  Eq.  (4). 


RESULTS  AND  DISCUSSION 

The  results  obtained  from  the  analysis  of  several  thick-walled  cylinders 
are  summarized  In  Tables  I,  II,  and  III.  Table  I  is  for  a  relatively  small 
cylinder  with  Type  B  (Figure  1)  OD  notches.  Fracture  toughness  values  are 
given  since  they  determine  the  critical  crack  size  and  thus  influence  the 
crack  propagation  life.  The  comparison  of  the  estimated  life  and  the  actual 
life  shows  excellent  agreement  with  many  of  the  actual  samples.  The  last  two 
specimens  had  much  longer  lives  than  estimated.  This  may  be  the  result  of 
assuning  the  worst  case.  The  actual  value  of  the  root  radius  was  not  measured 
for  each  cylinder.  The  minimum  radius  of  0.254  mm  was  assumed.  Actual  values 

for  this  dimension  could  be  in  the  range  from  0.254  mm  to  0.508  mm.  If  we 

analyze  this  cylinder  with  a  root  radius  of  0.508  mm,  the  stress  concentration 
factor  kt  is  reduced  from  3.0  to  about  2.5.  Such  a  reduction  in  kj-  would 
increase  the  initiation  life  from  3400  cycles  to  5700  cycles.  Using  this  for 
initiation  life  increases  the  predicted  lives  of  specimens  844-1R-B  and  7344 
to  6245  cycles  and  6233  cycles,  respectively,  which  are  in  much  better 
agreement  with  the  actual  fatigue  lives. 

Another  series  of  tests  of  the  Type  B  configuration  is  presented  in  Table 
II.  The  agreement  for  these  somewhat  larger  cylinders  is  not  quite  as  good  as 

with  the  small  cylinders  In  Table  I.  In  all  cases,  fatigue  life  is  under¬ 

estimated  by  about  >5000  cycles  or  about  30  percent.  The  same  argument 
presented  above  can  be  applied  here,  namely  the  actual  value  of  the  root 
radius  was  not  measured  and  could  vary  between  0.254  mm  and  0.508  mm.  Using 
the  maximum  value,  kt  is  reduced  to  about  2.9  from  3.2  increasing  the 
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initiation  life  from  12,000  cycles  to  15,000  cycles.  This  reduces  the  under¬ 
estimate  of  actual  life  to  about  2000  cycles  or  about  ten  percent. 

The  response  of  several  Type  A  cylinders  is  summarized  in  Table  III. 

This  kind  of  notch  is  more  severe  than  Type  B  notches  as  can  be  seen  in  the 
value  of  1^.  Again,  the  analysis  method  yields  excellent  agreement  with 
actual  behavior.  The  estimated  life  for  three  of  the  four  conditions 
considered  is  within  about  10  percent  of  the  actual  behavior.  But  the 
technique  drastically  underestimates  the  least  severe  case  (smallest  kt  and 
least  percent  overstrain).  The  reason  for  the  discrepancy  is  not  clear, 
suggesting  that  the  method  of  analysis  may  be  limited  to  only  that  ci  of 
cylinders  that  would  fail  at  relatively  short  life. 


TABLE  III.  RESULTS  FOR  THICK-WALLED  CYLINDER  WITH  TYPE  A  EXTERNAL  NOTCH, 
a  *  7.75  cm,  b  *  13.5  cm.  Root  Radius  -  0.762  mm,  KIc  ■  127 
MPa/m,  Yield  Strength  ■1170  MPa,  Pressure  *  386  MPa. 
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Figure  3.  Comparison  of  stabilized  cyclic-  stress-strain  curves 
tor  At  »  0.5  percent. 
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NOTE :  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH  AND  DEVELOPMENT  CENTER, 
US  ARMY  AMCCOM,  ATTN:  BENET  WEAPONS  LABORATORY,  SMCAR-LCB-TL, 
WATERVLIET,  NY  12139,  OF  ANY  ADDRESS  CHANGES. 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST  (CONT'D) 


NO.  OF 
COPIFS 


NO.  OF 
COPIES 


COMMANDER 

US  ARMY  MATERIALS  &  MECHANICS 

RESEARCH  CENTER  2 

ATTN:  TECH  LIB  -  DRXMR-PL 
WATERTOWN,  MA  01272 

COMMANDER 

US  ARMY  RESEARCH  OFFICE 

ATTN:  CHIEF,  IPO  1 

P.O.  BOX  12211 

RESEARCH  TRIANGLE  PARK,  NC  27709 
COMMANDER 

US  ARMY  HARRY  DIAMOND  LAB 

ATTN:  TECH  LIB  1 

2300  POWDER  MILL  ROAD 

ADELPHIA,  MD  20783 

COMMANDER 

NAVAL  SURFACE  WEAPONS  CTR 
ATTN:  TECHNICAL  LIBRARY  1 

CODE  X212 

DAHLGREN,  VA  22448 


DIRECTOR 

US  NAVAL  RESEARCH  LAB 
ATTN:  DIR,  MECH  DIV  1 

CODE  26-27,  (DOC  LIB)  1 

WASHINGTON,  D.C.  20375 

COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/DU  1 

AFATL/DUG  1 

EGLIN  AFB,  FL  32542 

METALS  &  CERAMICS  INFO  CTR 
BATTELLE  COLUMBUS  LAB  l 

505  KING  AVENUE 
COLUMBUS,  OH  43201 


Nf|TE:  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH  AND  DEVELOPMENT  CENTER, 
US  ARMY  AMCCOM,  ATTN:  BENET  WEAPONS  LABORATORY,  SMCAR-LCB-TL , 
WATERVLIET,  NY  12189,  OF  ANY  ADDRESS  CHANGES. 


